Transformation of biomarkers (or their stability) during sewer transport is an important issue for 23 wastewater-based epidemiology (WBE). Most studies so far have been conducted in the laboratory, 24 which usually employed unrealistic conditions. In the present study, we utilized a pilot sewer 25 system including a gravity pipe and a rising main pipe to investigate the fate of 24 pharmaceutical 26 biomarkers. A programmable logic controller was used to control and monitor the system including 27 sewer operational conditions and wastewater properties. Sequential samples were collected that can 28 represent hydraulic retention time (HRT) of up to 8 h in a rising main and 4 h in a gravity sewer. 29
Wastewater parameters and biomarker concentrations were analyzed to evaluate the stability and 30 transformation kinetics. The wastewater parameters of the pilot system were close to the conditions 31 of real sewers. The findings of biomarker transformation were also close to real sewer data with 32 seventeen biomarkers reported as stable while buprenorphine, caffeine, ethyl-sulfate, methadone, 33 paracetamol, paraxanthine and salicylic acid degraded to variable extents. Both zero-order and 34 first-order kinetics were used to model the degradation of unstable biomarkers and interestingly the 35 goodness of fit R 2 for the zero-order model was higher than the first-order model for all unstable 36 biomarkers in the rising main. The pilot sewer system simulates more realistic conditions than 37 benchtop laboratory setups and may provide a more accurate approach for assessing the in-sewer 38 transformation kinetics and stability of biomarkers. 39
Introduction 44
Wastewater-based epidemiology (WBE) is recognised as a complementary approach to traditional 45 surveys in monitoring consumption of, or exposure to substances in the population (ACIC 2017, 46 substances in previous WBE studies, but pharmaceutical biomarkers can also be analysed to sewer pipes that are fed continuously with wastewater. They can maintain conditions as in real 85 sewers and have the capability of controlling and monitoring parameters such as pumping 86 frequency, flow rate and pH. In addition, multiple sampling points along the pipe can be 87 constructed in the pilot sewers to provide more samples for in-depth investigations. 88
In this study, we utilized a unique pilot sewer system to evaluate the stability of selected 89 pharmaceutical and personal care (PPCP) biomarkers. The system contains both gravity sewer and 90 rising main pipes and allows on-line control and monitoring of operational parameters and 91 wastewater properties. The aims of this study include: i) characterise the hydraulics and 92 bioactivities in both gravity sewer and rising main; ii) investigate the stability of a suite of PPCPs 93 in a wide therapeutic category; iii) compare the biomarker transformation kinetics between the 94 gravity sewer and rising main of the pilot system as well as with the data previously observed in 
2.
Materials and methods 97
Chemicals and Reagents 98
Twenty-four PPCP parent and metabolites were selected due to their high use and presence in 99 wastewater with the potential to serve as biomarkers. Additionally, the in-sewer stability of most of 100 those biomarkers have been evaluated in laboratory settings and thus will facilitate the comparison 101 of performances between laboratory and pilot systems for biomarker stability assessment. We 102 investigated acesulfame, atenolol, atorvastatin, buprenorphine, carbamazepine, caffeine, 103 citalopram, cotinine, codeine, ethyl-sulphate (EtS), gabapentin, hydrochlorthiazide, ibuprofen, 104 iopromide, morphine, methadone, paracetamol, nicotine, naproxen, paraxanthine, trans-3'-105 hydroxycotinine, salicylic acid, tramadol and venlafaxine. The properties of these biomarkers 106 (category, formula, solubility, Log K ow , human excretion profile and structure) are presented in 107 Table S1 and S2.1. 108
The pilot sewer system 109
The pilot system has two configurations, one for a gravity sewer (GS) and one for a rising main 110 (RM) (Figure 1, Figure S1 ). Both sewer pipes were made of PVC with a length of 300 m. The 111 system was operated with a programmable logic controller (PLC) that allowed the on-line control 112 of pumping frequency and flow rate. Wastewater was pumped using a Loweara SHE50-12522 113 2.2kw and a SHE50-16075 7.5 kW 3 phase pump for the gravity line and pressure line respectively. were multiple sampling points in the middle of each 30 m of the pipe, and samples were taken in 138 the sampling points aiming to catch the "spiked wastewater plug" for HRT up to 8 h. 139
The properties of wastewater 140
The wastewater used in this study was the influent of WWTP serving a large urban catchment, so it 141 can be considered as typical domestic wastewater. The temperature was 21-24 ºC across all 142 experiments. The pH was stable at around 7.0 across all the experiments, similar to the observation 143 in other studies (Table S2 ). We were unable to measure dissolved oxygen levels in our GS
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7 experiments due to practical reasons. However, under the same re-circulation mode in other 145 experiments, it was in the range of 0.5-2 mg/L which should be comparable to our experiments 146 (Shypanski 2018) . TSS in the GS experiments was 500 to 800 mg/L with some fluctuation. Volatile 147 suspended solids (VSS) in GS were steady around 500 mg/L, while in the RM, TSS ranged from 148 300 -600 mg/L, and VSS was around 200 mg/L (Figure S3 ). The higher TSS and VSS in GS 149 indicate there was some erosion of the sediments in GS. A detailed comparison of the sewer and 150 wastewater parameters in this study and other studies is summarized in Table S2 . 151
Chemical spiking and sampling 152
Standards (unlabelled) of the selected biomarkers in methanol were dissolved in fresh wastewater 153 and spiked into the system to achieve quantifiable concentrations and at the same time to remain at 154 a realistic concentration in the upstream of a catchment (Table S4 ). HRT In the GS experiments, 155 the biomarker mixture, together with the flow tracer rhodamine mixed with raw wastewater, was 156 spiked into the recirculation tank. Every 15 min after spiking, a 100 mL wastewater sample was 157 taken from the recirculation tank until 4 h after spiking. In the RM experiment, 1 L of spiked 158 wastewater was pumped into the system in the first pumping event, using a peristaltic pump 159 synchronized with the major feed pump. The rhodamine probe was moved according to the 160 pumping event, to the sampling port where the spiked wastewater plug was expected, to 161 continuously monitor the real-time rhodamine signals. Samples were taken every 15 min at 162 different sampling points to catch the spiked plug (in the middle of each layer, Figure 1) . The last 163 sample was taken 8 h after the first sample. To avoid the interference of UV light to the stability 164 from the rhodamine sensor, samples were taken before the inlet of rhodamine probe. 165
Sample preparation and chemical analysis 166
Wastewater samples were acidified to pH 2 on site using 2 M HCl immediately after sampling. A 167 ten mL sample was filtered onsite using a regenerated cellulose syringe filter and a 1 mL filtered 168 sample was pipetted into a 2 mL brown glass injection vial. Ten µL of 1 mg/L labelled analogue Method performance data including accuracy and precision is provided in Table S4 . We found that the goodness of fit R 2 is higher in the zero-order model for all the unstable 202 biomarkers (see Table 3 in later section). Therefore, the A/V normalized transformation 203 coefficients K bio (m·h -1 ) was calculated using Equation 1. 
Hydraulic aspects in pilot sewers 235
In the GS, rhodamine concentrations from the initial spike at 0 hours fluctuated substantially in the 236 first 1.5 h (Figure S4) . The concentration of the spiked biomarkers also fluctuated during the same 237 period, indicating similar mixing behaviour of spiked rhodamine and biomarkers. 238
In the RM, there was some degree of diffusion and dispersion for the spiked biomarkers and 239 rhodamine during the transportation from upstream to downstream of the pipes. The mixing and 240 diffusion were mainly driven by the turbulence created by the pumping event, and the upstream 241 plugs (close to the pump) were affected more than the downstream plugs. 242
Transformation of biomarkers in pilot sewers 243
Seven out of twenty-four biomarkers were unstable in the experimental sewer conditions.
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Seventeen biomarkers were stable including acesulfame, atenolol, atorvastatin, carbamazepine, 245 citalopram, codeine, cotinine, trans-3'-hydroxycotinine, gabapentin, hydrochlorothiazide, 246 ibuprofen, iopromide, morphine, nicotine, naproxen, tramadol and venlafaxine. These biomarkers 247
were also observed to be stable in other studies as indicated in Table S5 . Therefore, they can be 248 considered stable in a real catchment if the average HRT in the catchment is comparable to or 249 shorter than the HRT values mentioned in Table S5 . 250
Transformation of biomarkers in the GS 251
Most of the investigated biomarkers were stable in the GS (Figure 2) . The degradation of seven 252 unstable biomarkers, buprenorphine, caffeine, EtS, methadone, paracetamol, paraxanthine and 253 salicylic acid is shown in Figure 3 . Paracetamol had the highest degradation rate with 254 approximately 50% loss in 4 h with a zero-order transformation coefficient of 0.4185 m·h -1 255 followed by methadone and caffeine ( Table 1) . The loss of biomarkers in the pilot GS is relatively 256 lower compare with GS reactors in the same HRT as demonstrated in Table 2 . 257 Fast degradation has been observed for many of those biomarkers in laboratory batch experiments. 258
The in-sewer loss of biomarkers in the laboratory GS reactor was higher than the pilot GS for all 259 unstable biomarkers in the same HRT. This can be partially attributed to the higher A/V in 260 laboratory GS reactor (65.4 m -1 for the GS reactor and ~27 m -1 for pilot GS) as shown in Table S5 . 261
Although there is both formation and consumption of VFAs in the GS, the overall decrease in 262
VFAs showed high correlation with the degradation of unstable biomarkers (Table S6) . Therefore, 263
VFAs can be considered a prediction factor for the degradation of unstable biomarkers. the extent of transformation of biomarker in a single GS pipe can be relatively small due to the 272 short HRT in the pipe. However, this study suggests that for a whole sewer catchment, especially 273 large ones with considerable proportion of GSs (with diverse diameters and A/V), where the 274 average HRT can be several hours, the in-sewer loss cannot be neglected for unstable biomarkers. 275
Transformation of biomarkers in the RM 276
The unstable biomarkers observed in GS were also unstable in RM (Figure 3) biomarkers was higher in the reactor than in the pilot RM (Table 3) . For most unstable biomarkers, 290 their transformation had a strong Pearson correlation coefficient (>0.9) with each other (Table S7) , 291 indicating the transformation of these biomarkers is likely attributable to similar processes. In 292 addition, the degradation of biomarkers also had good Pearson correlation (absolute value) with 293 anaerobic sewer bioactivity indicators such as the methane formation and sulfate reduction, which 294 suggests that the transformation of biomarkers could directly or indirectly relate to the methanogen 295 and sulfate reducing activities. 296
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13 Some discrepancies with previous studies was noticed, for example, citalopram was observed to 297 have some degradation in the 7.6 km real RM (Jelic et al 2015) , but was stable in the pilot RM for 298 up to 8 h. In the real WWTP catchment, RMs are often only used where the construction of GSs is 299 not feasible. As a result, there is a much higher proportion of GSs than RMs for most of the 300 catchments globally. Nevertheless, this study suggests that the loss of biomarkers in the RMs 301 should be taken into account. 302
Transformation kinetics and comparison with previous transformation studies 303
Most of the biomarker transformations had some level of deviation from both first-order and zero-304 order kinetics as the goodness of fit R 2 was less than 0.8, especially in GS (Table 3) . This could be 305 attributed to the complexity of the mass transfer in the sewers and the relatively short HRT in GS. 306
In GS, only paracetamol has an R 2 value greater than 0.8, and both zero-order and first-order 307 kinetics can describe the degradation well, with R 2 values of 0.96 and 0.86 respectively. In RM, In previous real sewer studies, the data obtained were usually not sufficient to establish 313 transformation kinetics. In some cases, e.g. nicotine metabolites, the deconjugation process can 314 also interfere with the degradation assessment (Gao et al. 2018). Overall, we see the comparability 315 of data from this study with data obtained from previous real sewer experiments (Table S5) , 316 reflecting the realistic condition of the pilot sewer system used in this study and the advantage of 317 using pilot system for kinetic study. A summary of advantages and disadvantages of different sewer 318 settings is presented in Table S8 . If investigating the biomarker stability under realistic and 319 variable sewer conditions is the aim, pilot sewer system is a good platform although the cost to 320 build and maintain the system is much higher than simple laboratory reactors. 
Conclusion

331
Our study demonstrated that the pilot sewer system is a good platform for the evaluation of 332 biomarker stability. It provides more realistic sewer conditions than laboratory studies, and the 333 operational parameters can be controlled for a kinetic study. Among the biomarkers tested, 334 seventeen were stable, while seven were unstable in both GS and RM, with a realistic level of loss 335 compared to the sewer reactor data. In reality, the level of loss of unstable biomarkers is dependent 336 on the proportion of GS and RM in the catchment, and HRT. In RM, the transformation of 337 biomarkers correlated well with bioactivity indicators including the sulfate reduction, methane 338 generation and VFAs decrease, which could be used as prediction factors for in sewer loss. Castiglioni, S., Bijlsma, L., Covaci, A., Emke, E., Hernández, F.l., Reid, M., Ort, C. and 370
Kevin V. Thomas Note: Paraxanthine was not calculated due to the lack of K ww in the control reactor; Salicylic acid was not shown since the K ww value in control reactor is higher than the overall K in the pilot system. 
